To explore the role of auxin-binding protein (ABP1) in planta, a number of transgenic tobacco (Nicotiana tabacum) lines were generated. The wild-type KDEL endoplasmic reticulum targeting signal was mutated to HDEL, another common retention sequence in plants, and to KEQL or KDELGL to compromise its activity. The auxin-binding kinetics of these forms of ABP1 were found to be similar to those of ABP1 purified from maize (Zea mays). To test for a physiological response mediated by auxin, intact guard cells of the transgenic plants were impaled with double-barreled microelectrodes, and auxin-dependent changes in K ϩ currents were recorded under voltage clamp. Exogenous auxin affected inwardly and outwardly rectifying K ϩ currents in a dose-dependent manner. Auxin sensitivity was markedly enhanced in all plants overexpressing ABP1, irrespective of the form present. Immunogold electron microscopy was used to investigate the localization of ABP1 in the transgenic plants. All forms were detected in the endoplasmic reticulum and the KEQL and KDELGL forms passed further across the Golgi stacks than KDEL and HDEL forms. However, neither electron microscopy nor silver-enhanced immunogold epipolarization microscopy revealed differences in cell surface ABP1 abundance for any of the plants, including control plants, which indicated that overexpression of ABP1 alone was sufficient to confer increased sensitivity to added auxin. Jones et al. ([1998] Science 282: 1114-1117) found increased cell expansion in transgenic plants overexpressing wild-type ABP1. Single cell recordings extend this observation, with the demonstration that the auxin sensitivity of guard cell K ϩ currents is mediated, at least in part, by ABP1.
To explore the role of auxin-binding protein (ABP1) in planta, a number of transgenic tobacco (Nicotiana tabacum) lines were generated. The wild-type KDEL endoplasmic reticulum targeting signal was mutated to HDEL, another common retention sequence in plants, and to KEQL or KDELGL to compromise its activity. The auxin-binding kinetics of these forms of ABP1 were found to be similar to those of ABP1 purified from maize (Zea mays). To test for a physiological response mediated by auxin, intact guard cells of the transgenic plants were impaled with double-barreled microelectrodes, and auxin-dependent changes in K ϩ currents were recorded under voltage clamp. Exogenous auxin affected inwardly and outwardly rectifying K ϩ currents in a dose-dependent manner. Auxin sensitivity was markedly enhanced in all plants overexpressing ABP1, irrespective of the form present. Immunogold electron microscopy was used to investigate the localization of ABP1 in the transgenic plants. All forms were detected in the endoplasmic reticulum and the KEQL and KDELGL forms passed further across the Golgi stacks than KDEL and HDEL forms. However, neither electron microscopy nor silver-enhanced immunogold epipolarization microscopy revealed differences in cell surface ABP1 abundance for any of the plants, including control plants, which indicated that overexpression of ABP1 alone was sufficient to confer increased sensitivity to added auxin. Jones et al. ([1998] Science 282: 1114-1117) found increased cell expansion in transgenic plants overexpressing wild-type ABP1. Single cell recordings extend this observation, with the demonstration that the auxin sensitivity of guard cell K ϩ currents is mediated, at least in part, by ABP1.
Auxin is ubiquitous in the regulation of plant growth and development, having been implicated in responses as diverse as embryogenesis, vascular differentiation, guard cell movements, and elongation growth (Davies, 1995) . Putative components of auxin signal transduction pathways have been suggested (for review, see Macdonald, 1997) and early events in auxin action such as proton extrusion, plasma membrane hyperpolarization, and ion currents in guard cells and coleoptile cells have been characterized (Rayle and Cleland, 1992; Blatt and Thiel, 1994; Barbier-Brygoo et al., 1996; Claussen et al., 1997) . In recent years, a number of auxin-regulated genes have been described (Guilfoyle et al., 1998; Abel and Theologis, 1996; Sitbon and Perrot-Rechenmann, 1997) , including some that appear to encode transcription factors (Kim et al., 1997; Rouse et al., 1998) . Some of the events contributing to auxin-induced gene expression have been linked in a mechanistic model, which helps tie diverse observations together (Walker and Estelle, 1998) . However, a coherent picture of auxin signaling remains elusive. In particular, the mechanism by which auxin is perceived by its receptor(s) is poorly understood. Much of the effort addressing this problem has focused on auxin-binding protein (ABP1), a putative auxin receptor (Hertel, 1995; Jones, 1994; Venis, 1995) .
Originally identified in maize (Zea mays), ABP1 is found in a large number of plant species and remains the best-characterized candidate for an auxin receptor to date (Venis and Napier, 1995; Macdonald, 1997) . Lacking any obvious transmembrane spanning domain, ABP1 is a soluble, reticuloplasmin protein primarily confined to the lumen of the endoplasmic reticulum (ER) by virtue of a carboxy-terminal KDEL (Lys, Asp, Glu, and Leu) ER retention motif (Pelham, 1990) . As such it bears no resemblance to well-known hormone receptors from animal systems. However, there are data that implicate ABP1 in auxin-mediated electrophysiological responses at the plasma membrane of tobacco (Nicotiana tabacum) and maize protoplasts and it is possible that the amount of ABP1 on the outer surface of the plasma membrane mediates the sensitivity of a protoplast's response to added auxin (Barbier-Brygoo et al., 1989; Barbier-Brygoo et al., 1991; Rü ck et al., 1993; Leblanc et al., 1999) . ABP1 also affects cytosolic pH and modulates K ϩ currents in guard cells of broad bean and the orchid Paphiopedilum tonsum (Thiel et al., 1993; Gehring et al., 1998) . Furthermore, in transgenic tobacco plants expressing ABP1 under the control of a tetracyclininducible promoter, specific growth responses were modulated in an auxin-dependent manner (Jones et al., 1998) . Taken together, all of these reports are consistent with the notion that ABP1 functions as an auxin receptor. They also link the activity of ABP1 to events likely to be connected with cell expansion.
Several techniques have identified ABP1 at the plasma membrane, although estimates of the amount vary (Jones and Herman, 1993; Diekmann et al., 1995) . It is certain that ABP1 is targeted to the ER in the first instance and that only a small fraction, estimated to be less than 2% of the total (Henderson et al., 1997) , may reach the cell surface. The endogenous mechanism for releasing ABP1 from the ER is not known, but for experimental purposes it has been reasoned that mutations of the KDEL motif should give rise to an increase in flux of the protein out of the ER to reach the cell surface via the secretory pathway. We report on the characterization of tobacco plants overexpressing such mutant forms of ABP1.
Single cell recordings of K ϩ currents have been used previously to help describe the actions of auxin on guard cells (Blatt and Thiel, 1994) and have been employed here to evaluate the consequences of ABP1 overexpression. We show that retargeting ABP1 has little effect, but overexpression generates a marked change in auxin responsiveness.
RESULTS

Transformation and Screening of Primary Transformants
PCR-based mutagenesis was used to change the C-terminal ER-retention motif of maize ABP1 from KDEL to KEQL, KDELGL, or HDEL. The wild-type and mutated coding regions were placed under the control of a cauliflower mosaic virus 35S promoter and transferred to transgenic tobacco plants. Control plants transformed with the empty expression cassette were also constructed. Primary transformants were screened for transgene expression by northern hybridization (Fig. 1A) . Hybridization of the maize ABP1 cDNA probe with endogenous tobacco transcripts could not be detected and plants accumulating high levels of maize ABP1 mRNA were selected for further characterization.
Accumulation of ABP1 protein in the transgenic plants was detected in microsomal extracts by SDS-PAGE and immunoblotting (Fig. 1B) . Although our antibody has been shown previously to cross-react with partially purified tobacco ABP1 (Venis et al., 1992) , native tobacco ABP1 was undetectable in these preparations. This suggests that maize ABP1 was overexpressed in the transgenic tobacco compared with the endogenous protein, although differences in the relative affinity of the antibody for the different homologs cannot be ruled out.
Auxin-Binding Activity of Mutated Forms of ABP1
Despite a high level of transcript accumulation (Fig. 1A) , levels of expression of ABP1 in the transgenic plants were at least 100-fold lower on a fresh weight basis than we could obtain from ABP1 expression in the baculovirus system (Macdonald et al., 1994) . In consequence, baculovirus constructs for the various forms of ABP1 were generated for expression in insect cells to facilitate their purification in relatively large quantities for auxin-binding assays (Fig.   Figure 1 . Expression of the ABP1 transgenes. A, Northern blot showing maize ABP1 mRNA accumulation in primary transformants. Blots were hybridized sequentially to a maize ABP1 probe (ABP1) and the constitutively expressed pCNT 6 (Memelink et al., 1987; control) . The larger size of KDEL-ABP1 mRNA compared with the mutated ABP1 mRNAs is due to the (intentional) loss of some 3Ј-untranslated region during the in vitro mutagenesis schedule. The maize ABP1 probe did not detect wild-type tobacco ABP1 in untransformed plants (WT). B, Representative immunoblot showing expression of ABP1 in selected transgenic plants. Total microsomal protein loading ranged from 1 to 8 g, as indicated, for the transgenic lines and 20 g for microsomal protein from a wild-type (untransformed) tobacco plant (WT). ABP1 (250 ng) from maize microsomes was used as a positive control (maize control).
2). The values for the K D of the mutated forms of ABP1 ranged between 0.12 to 0.48 m 1-naphthylacetic acid. This compares well with those measured for ABP1 from maize (the most plentiful source of ABP1 in plants) in our laboratory (0.15-0.28 m; Macdonald et al., 1994) and in a number of other laboratories (0.05-0.7 m; Batt and Venis, 1976; Ray et al., 1977a Ray et al., , 1977b Cross and Briggs, 1978; Murphy, 1980; Lö bler and Klämbt, 1985; Shimomura et al., 1986; Hesse et al., 1989) .
Expression of ABP1 and Guard Cell K ؉ Currents
Blatt and Thiel (1994) reported auxin-dependent K ϩ currents in voltage-clamped broad bean guard cells. The same technique was applied to each transgenic tobacco line to test for changes in sensitivity to applied auxin. Measurements were carried out on intact guard cells in epidermal peels using a twoelectrode voltage clamp. As was previously observed for guard cells of broad bean (Blatt and Thiel, 1994) , auxin affected both the inwardly (I K,in ) and the outwardly rectifying (I K,out ) K ϩ currents (Fig. 3) . A series of voltage clamps obtained from one guard cell of a plant overexpressing KDEL-ABP1 is shown in Figure 3A . In this experiment, clamp steps of a 5-s duration were run at voltages from ϩ30 to Ϫ200 mV following a 1-s conditioning step to Ϫ100 mV. Activation of I K,out was evident as the outward current rising (upward, positive-going) during the first second of steps to voltages positive of Ϫ50 mV. In all the plants this current was increased between 40% and 50% in the presence of 0.1 to 10 nm indole-3-acetic acid (IAA), the enhancement being lost at higher concentrations. Activation of I K, in was evident as the inward current rising (downward, negative-going) over 2-to 4-s of steps to voltages negative of Ϫ150 mV.
Data from such experiments were collated to produce full comparisons of I K,out and I K,in as a function of IAA concentration (Fig. 3 , B and C). The curves shown are empirical, although the data are based on the broad bean model (Blatt and Thiel, 1994) . There was no marked difference between wild-type plants and plants carrying the empty vector and these data have been pooled (white symbols). Likewise data from all the plants overexpressing ABP1 gave similar results, regardless of the type of ABP1 expressed, and these data too have been pooled (black symbols). Thus each data point represents the mean of 12 to 15 experiments. Comparison of those plants expressing ABP1 constructs with the control plants shows a measurable difference in auxin sensitivity for the outwardly and inwardly rectifying currents (Fig. 3, B and C, respectively).
For I K,out , increasing auxin concentrations promoted the current at all but the highest concentration (Fig. 3B ). The effect of the transgene was to displace the point of maximum stimulation by roughly 100-fold to lower concentrations and to reduce the magnitude of the maximum. For I K,in , all auxin concentrations above 0.1 nm produced a fall in current. In plants expressing the transgenes, the response curve was displaced to lower concentrations, again suggesting an altered auxin sensitivity.
Intracellular Localization of ABP1
Having found no difference in auxin responses between the different transgenic lines overexpressing ABP1, we examined the retention and secretion of each mutated form of ABP1, initially using the baculovirus system. The KDEL and HDEL forms of ABP1 were efficiently retained by baculovirus-infected insect cells, until cell lysis (Fig. 4A) . In a converse manner, the KEQL and KDELGL forms of ABP1 were secreted into the cell culture medium (Fig. 4B) . Given that insect cells have a KDEL/HDEL ER retention mechanism homologous to that in plants and animals (Vuori et al., 1992; Henderson et al., 1996) , these results are consistent with the predicted effects of these C-terminal ABP1 mutations.
It was more difficult to demonstrate the localization of the mutated forms in planta. Leaf cell wall washes using vacuum infiltration and Suc density gradient fractionation of microsomal membranes were inconclusive and failed to demonstrate a convincing rise in the secretion of KEQL and KDELGL forms of ABP1 (not shown). In consequence, immunogold electron microscopy was used to visualize directly the intracellular distribution of ABP1 in the transgenic plants (Fig. 5) .
Ultrathin sections were prepared from hydroponically grown cuttings and ABP1 was immunolocalized using Fab fragments of a polyclonal antibody raised against maize ABP1. Visualization of ABP1 in leaf cell sections was not feasible because of high background staining and poor structural preservation in the fixation conditions necessary to maintain high antigenicity (not shown). In consequence, root tips were chosen for electron microscopy since they are less vacuolate, allowing relatively low concentrations of fixative to be used. In wild-type and transformed plants, ABP1 signal was associated with the ER (a total of 108 gold particles associated with the ER in 11 sections showing stretches of ER; Fig. 5 , A-C), a staining pattern characteristic of other ER luminal proteins (Napier et al., 1992; Shorrosh, 1993; Robinson et al., 1995) . The specificity of the staining was confirmed by elimination of the signal following pre-incubation of the antibody with purified maize ABP1 (Fig. 5D) . Although staining at the cell wall was exceptionally rare (a total of eight gold particles were detected at the cell wall in 16 sections showing stretches of cell wall; Fig. 5A ), the Golgi apparatus was relatively frequently labeled (a total of 144 gold particles in 21 Golgi stacks; Fig. 5 , E-G). The pattern of labeling in the Golgi did, however, vary according to the ABP1 genotype. In the cases of KDEL and HDEL forms of ABP1, labeling was confined strictly to one side of the Golgi stacks (a total of 33 gold particles in 9 Golgi stacks; Fig. 5E ), a staining pattern analogous to that obtained in animal Hep-2 cells for a chimeric horseradish peroxidase protein tagged with a KDEL signal (Stinchcombe et al., 1995) . In contrast, the Golgi appeared to be more heavily labeled in the case of KEQL and KDELGL forms and labeling was found on both sides of the Golgi stacks (a total of 115 gold particles in 12 Golgi stacks; Fig. 5 , F and G). These staining patterns are consistent with the view that salvage of KDEL and HDEL proteins occurs from the cis Golgi in plants as it does in animals and yeast (Andres et al., 1991; Denecke et al., 1992; Sö nnichsen et al., 1994; Bassham and Raikhel, 1996) . The presence of KEQL and KDELGL forms of ABP1 in the trans Golgi indicated that these mutations were having the anticipated effect, enabling ABP1 to bypass KDEL salvage in the cis Golgi. However, these observations were not matched by a rise in abundance of ABP1 at the cell surface (see above). In a similar manner, we were unable to detect an increase in labeling when visualizing ABP1 at the plasma membrane of leaf mesophyll protoplasts using silver-enhanced immunogold epipolarization microscopy (SEIG EPOM; Fig. 6 ).
DISCUSSION
Overexpression of ABP1 led to changes in K ϩ fluxes in intact guard cells (Fig. 3) . These observations complement those of Jones et al. (1998) who reported that ABP1 overexpression gave rise to an auxin-dependent elevation of cell expansion in transgenic tobacco leaf epidermal cells and those of Claussen et al. (1997) , who showed that auxin-induced growth is dependent on K ϩ influx. Changes in K ϩ current underly cell expansion and stomatal opening. The results are also consistent with the responses of tobacco and orchid guard cells to ABP1 antibodies and peptides (Thiel et al., 1993; Gehring et al., 1998) . Both inwardly and outwardly rectifying K ϩ currents were auxin sensitive, as in broad bean (Blatt and Thiel, 1994) . However, both currents displayed dose-response relationships over very wide concentration ranges and it seems likely that several response systems are involved. For I K,out (Fig. 3B) , there was a clear sensitivity shift, confined to the upper range of auxin concentrations, the range appropriate for the K D of ABP1 ( Fig. 2 ; see also Lö bler and Klämbt, 1985) . At much lower concentrations of auxin, the response of I K,out was similar between control plants and those overexpressing ABP1. For I K,in (Fig. 3C) , plants overexpressing ABP1 also exhibited a sensitivity shift although it is unlikely that the responses of either current to concentrations of auxin below 0.1 nm were directly linked to ABP1. At auxin concentrations above 10 Ϫ10 M, these plants showed a greater reduction in the amplitude of I K,in than control plants. The apparent one-half maximal inhibition lay between concentrations of 10 and 100 nm, again appropriate for the K D of ABP1.
The most striking feature of our data was that ABP1 overexpression alone was sufficient to alter auxin sensitivity. It has been shown that the mutations introduced into ABP1 did not affect binding kinetics (Fig. 2) , but some effect of redirecting ABP1 had been anticipated. Nevertheless, responses from plants expressing mutated forms of ABP1 were indistinguishable from those overexpressing the wild type, KDEL form of the protein. This parallels the phenotypes observed by Jones et al. (1998) , which were from plants overexpressing wild-type (KDEL) ABP1 in a tetracycline-inducible system. In consequence, redirection of ABP1 to escape ER retention would appear to be unnecessary for altering the activity of ABP1 in guard cells and other cells of the leaf epidermis.
Much previous work has suggested that ABP1 is active at the cell surface (Barbier-Brygoo et al., 1989; Venis et al., 1992; Rü ck et al., 1993; Thiel et al., 1993; Gehring et al., 1998; Leblanc et al., 1999) and that auxin sensitivity can be manipulated through several orders of magnitude by the addition of exogenous ABP1 (Barbier-Brygoo et al., 1991) . However, our data show a marked increase in auxin responsiveness in the absence of a detectable rise in ABP1 at the cell surface. Our staining pattern for ABP1 in tobacco root cap cells is in broad agreement with that reported by Bronsema et al. (1998) for maize coleoptiles and embryos. The HDEL and KDEL forms of ABP1 never passed further than the cis Golgi, from where it is likely they are salvaged back to the ER, as suggested by the oligo-Man structure of the N-linked glycan (Henderson et al., 1997) . The KEQL and KDELGL forms of ABP1 were detected in the trans Golgi, suggesting that they were in the process of being secreted, as in insect cells (Fig. 4) . However, it was not possible to measure a rise in ABP1 at the plant cell surface. Virtually no ABP1 was detected in the cell walls (Fig. 5 ) and using SEIG EPOM, which reports only on antigen on the cell surface, no more ABP1 was detected on the plasma membrane surface in plants overexpressing ABP1 than in the control plants (Fig. 6) . Finally, we did not detect ABP1 in or around vacuolar compartments. Collectively these results differ from the outcome of overexpression in insect cells (Fig. 4) . It is possible that in intact plants the protein is broken down rapidly in the apoplast (Henderson et al., 1997) or lost by diffusion, but after measurements with a range of techniques we remain unable to measure elevated ABP1 levels at the cell surface. In consequence it is difficult to draw firm conclusions on the localization of ABP1 with respect to the cell surface. Nevertheless, although we cannot exclude the possibility that small changes in plasma membrane ABP1 abundance occur in planta, it seems unlikely that any such changes are substantial.
If the site of action of ABP1 is at the cell surface as suggested by previous reports (for review, see Jones, 1994; Napier and Venis, 1995) , then it would seem that a relatively small increase in the pool of ABP1 at the plasma membrane (an increase below the limits of detection by the methods used here and which can be provided by overexpression of the KDEL or HDEL forms of ABP1 alone) is sufficient to confer a marked shift in auxin sensitivity. Another interpretation is also possible. The apparent lack of difference in the levels of ABP1 at the cell surface in plants overexpressing ABP1 (regardless of the C terminus) correlates with the fact that they all showed a similar sensitivity to auxin. However, there was also no marked change in the cell surface abundance of ABP1 in these transgenic plants compared with control and wild-type plants, groups between which there was a marked change in sensitivity to auxin. This opens up again the question of whether ABP1 might also be active inside the cell.
In conclusion, it appears that overexpression of ABP1 is sufficient to confer increased sensitivity to Figure 5 . Immunolocalization of ABP1 in transgenic tobacco. A through C, Labeling of the luminal ER was observed for all forms of ABP1. Sections from plants expressing KEQL (A) and KDEL (B and C) forms of ABP1 are shown. D, Control, the primary antibody was pre-incubated with purified ABP1; E, KDEL (and HDEL, not shown). ABP1 is confined to one side of the Golgi stack. F and G, KDELGL (and KEQL, not shown). ABP1 labeling in the Golgi extends from the cis to the trans side. W, Cell wall; ER, endoplasmic reticulum; G, Golgi stack. Scale bar ϭ 100 nm. In each case representative micrographs are shown.
auxin. This is consistent with the report of Jones et al. (1998) in which overexpression of wild-type (KDEL) ABP1 was found to induce increased leaf epidermal cell sizes and to raise the capacity of epidermal cells to expand in the presence of exogenous auxin. Our data suggest that part of the mechanism through which these responses are mediated might be through the modulation of K ϩ currents. Influx of K ϩ has been shown to play a role in auxin signaling and auxin-induced cell expansion (Claussen et al., 1998) and auxin-induced K ϩ channel expression has been found to be an essential step in coleoptile growth and gravitropism (Philippar et al., 1999) . Single cell recordings (Fig. 3 ) complement and extend all these reports by illustrating an ABP1-dependent shift in auxin sensitivity for K ϩ currents in guard cells.
MATERIALS AND METHODS
In Vitro Mutagenesis of ABP1 and Construction of Vectors
The plasmid pAux3 (Macdonald et al., 1994) contains a maize (Zea mays) wild-type ABP1 cDNA (Lazarus et al., 1991) flanked by BamHI (5Ј) and KpnI (3Ј) restriction sites. The PCR was used to introduce changes into a subcloned EcoRI fragment that extended from within the coding region to a downstream linker sequence used in the original cDNA library construction. Mutagenesis of the carboxy terminal KDEL sequence to HDEL, KEQL, and KDELGL was achieved with the (complementary strand) primers 5Ј-AC TTGTGACCTAGAGTTCGTCATGTGCTGCTTC-3Ј, 5Ј-ACT TGTGACCTAGAGTTGCTCTTTTGCT-3Ј, and 5Ј-ACTTGTG ACCTAGAGTCCGAGTTCGTCTTTTG-3Ј, respectively (mutagenicbases in italics), used in conjunction with the universal M13 forward primer. The primers 5Ј-ACTCTAG-GTCACAAGTGT-3Ј and 5Ј-TAGTAGTCCGGTACCAG-CAGG-3Ј (designated 3ЈKpn) were used to amplify an overlapping fragment extending from the end of the coding region to an introduced KpnI site (underlined) within the 3Ј-untranslated region. Modified carboxy terminal fragments were combined with the 3Ј fragment in PCRs containing overlapping PCR products as template and the flanking primers (M13 forward and 3ЈKpn). The resultant products were digested with EcoRI and KpnI and ligated into pAux3 to replace the wild-type KDEL-encoding segment and 3Ј-untranslated region. The presence of the desired mutations and absence of undesired mutations were confirmed in each case by DNA sequencing.
Transfer vectors for the production of mutated ABP1s in the baculovirus system were constructed by inserting BamHI-KpnI fragments between the BglII and KpnI sites of pEVmXIV as described for the expression of wild-type ABP1 (Macdonald et al., 1994) . Plasmids for plant transformation were constructed by inserting the same wild-type or mutated ABP1 fragments into the polylinker of a cauliflower mosaic virus-nos expression cassette in pBin19 (Bevan, 1984) .
Plant Transformation
Plasmids were introduced into Agrobacterium tumefaciens strain LBA4404 by electroporation. Leaf pieces of tobacco (Nicotiana tabacum cv Samsun) were transformed by cocultivation essentially as described by Herrera-Estrella and Simpson (1988) except that the medium used was Murashige and Skoog basal medium with Gamborg's vitamins (Sigma, Poole, UK) containing 30 g L Ϫ1 Suc, 1 mg L
Ϫ1
benzylaminopurine, and 0.1 mg L Ϫ1 naphthylacetic acid. Transgenic shoots were regenerated on Murashige and Skoog medium A (Sigma) containing 300 g mL Ϫ1 kanamycin, and rooted on Murashige syngonium stage III medium (Sigma) containing 100 g mL Ϫ1 kanamycin. Cefotaxime (250 g mL Ϫ1 ) and nystatin (50 units mL Ϫ1 ) were included throughout the regeneration phase. All solid media contained 0.8% (w/v) agar.
Northern-Blot Analysis of Transgenic Tobacco
Total RNA was extracted from 1-g samples of young leaves by the method of Napoli et al. (1990) . Ten-microgram samples were fractionated by electrophoresis in 3-[Nmorpholino] propane-sulfonic acid-formaldehyde agarose gels and transferred to nylon membranes. Hybridization to DNA probes and washes of the RNA gel blots were as described for DNA gel blots by Lazarus and Macdonald (1996) .
Analysis of Proteins in Microsomal Membranes
The extraction and electrophoretic fractionation of proteins was as described by Macdonald et al. (1994) , starting from 4 g of leaf tissue. Western immunoblotting was also as described, except that alkaline phosphatase activity was detected by enhanced chemiluminescence (Amersham, Buckinghamshire, UK).
Baculovirus-Mediated Expression of ABP1 in Insect Cells
Constructs of all four forms of maize ABP1 expressed in tobacco plants were generated and expressed in Spodoptera frugiperda insect cells via baculovirus infection as previously described (Macdonald et al., 1994; Henderson et al., 1996) . Secretion of recombinant ABP1 from insect cell cultures infected in 35-mm tissue culture plates (multiplicity of infection ϭ 10) was followed over 120 h postinfection. Cells and medium were harvested every 24 h and analyzed separately by SDS-PAGE as described previously (Henderson et al., 1997) .
Auxin-Binding Assays
Recombinant ABP1 was partially purified from infected insect cells by ion-exchange chromatography and assayed for auxin-binding activity by ammonium sulfate precipitation as described previously (Macdonald et al., 1994) . Maize ABP1 partially purified from 5-d-old etiolated maize coleoptiles by ion-exchange chromatography was used for comparison (Napier et al., 1988) .
Microscopy
For immunogold electron microscopy, root tips from stem cuttings grown hydroponically in aerated water supplemented with macronutrients [10 mm KCl, 1.5 mm CaCl 2 , 0.6 mm KH 2 PO 4 , 0.75 mm MgSO 4 , and 5 mm (NH 4 ) 2 (SO 4 )], micronutrients (10 m MnSO 4 , 1 m CuSO 4 , 1 m ZnSO 4 , 50 m H 3 BO 3 , 100 m NaCl, and 0.5 m Na 2 MoO 4 ), and 50 m Fe-EDTA were subjected to fixation in 2% (w/v) formaldehyde in 50 mm phosphate-buffered saline (PBS) pH 7.0, for 20 h at 4°C. Root tips were dehydrated with progressive lowering of temperature, 15 min in 30% (w/v) ethanol at 0°C followed by 45 min in each of 50% (w/v) at Ϫ20°C, 70% (w/v), and 100% (w/v) ethanol at Ϫ35°C, respectively. The root tips were then embedded in Lowicryl HM20 resin and polymerized with UV for 24 h at Ϫ35°C (Villinger, 1991). Eighty-nanometer sections (Ultracut; Leica, Vienna, Austria), were collected on formvar-coated nickel grids and incubated in PBS with 1% (w/v) bovine seerum albumin (BSA) for 45 min before incubation with anti-ABP1 polyclonal IgG Fab fragments (1:30 in PBS-Tween 20 and 1% [w/v] BSA) for 2 h. After 3 ϫ 5 min washes in PBSTween 20 with 0.1% (w/v) BSA, sections were incubated with 10-nm gold-linked anti-rabbit secondary antibody (BioCell, Cardiff, UK) diluted 1:30 in PBS-Tween 20 with 0.1% (w/v) BSA for 30 min. After three additional 5-min washes in PBS-Tween 20 with 0.1% (w/v) BSA and two brief washes in double-distilled water, sections were poststained by incubation in aqueous OsO 4 (4%, w/v) for 1 h, aqueous uranyl acetate (3%, w/v) for 5 min, and lead citrate (0.3%, w/v) for 5 min. Sections were viewed at 80 kV using an electron microscope (CM10; Philips, Eindhoven, The Netherlands). For testing the specificity of the signal, the antibody preparation was pre-incubated with 1 nm purified maize ABP1. SEIG EPOM was carried out on leaf mesophyll protoplasts according to the methods of Diekmann et al. (1995) .
Electrophysiology
Epidermal strips from tobacco plants were prepared from newly expanded leaves of plants 4 to 6 weeks-old (Thiel et al., 1993; Blatt and Thiel, 1994) . All operations were carried out on an Axiovert microscope (Zeiss, Oberkochen, Germany) fitted with Nomarski D.I.C. optics with strips bathed in rapidly flowing solutions (10 mL min Ϫ1 approximately 20 chamber volumes per minute) at 20°C to 22°C. The standard medium was prepared with MES [5 mm 2-(N-morpholino) propanesulfonic acid] titrated to its pKa (6.1) with Ca(OH) 2 (final [Ca 2ϩ ] approximately 1 mm). KCl and IAA were included as required. Buffers and salts were from Sigma Chemicals. Electrical recordings were achieved with double-barreled microelectrodes coated with paraffin to reduce electrode capacitance and filled with 200 mm KOAc to minimize salt leakage and salt-loading artifacts associated with the Cl Ϫ anion (Blatt and Armstrong, 1993) . Connection to the amplifier headstage was via a 1-m KCl |Ag-AgCl halfcell, and a matching half-cell and 1 m KCl-agar bridge served as the reference (bath) electrode. Membrane currents were measured by voltage clamp under microprocessor control (LAB/LAN; WyeScience, Wye, UK) using three-pulse protocols (sampling frequency, 2 kHz) and bipolar staircase duty cycles.
